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Direct ab initio dynamics methodology was used to investigate intramolecular proton transfer in hydrogenoxalate
anion and its deuterated species. The method used is based on the variational theory of the transition state
as modified by introducing semiclassical corrections for the estimation of tunneling on the sole basis of
electronic structure calculations. Such calculations, which included energies, gradients, and Hessians, both
at stationary points and throughout the reaction path, were done by using the MR2/6531 level with

barrier height corrections at QCISD/6-8%+G** (4.85 kcal/mol). No variational effects were observed at

this fairly high computational level over the temperature range studied. Some of the modes of this reaction
are highly coupled to the reaction path, so tunneling may be quite substantial. Within the direct ab initio
dynamics we used the small curvature approximation (SCT) to assess tunneling; however, because the particle
transferred is a light particle, the problem may call for an approximation that considers a more rectilinear
path for the proton. Such is the case with the large curvature approximation (LCT). We had calculated the
LCT transmission factors as well as the SCT transmission factors within the dual level dynamics, replacing
ab initio calculations in the nonstationary points by a semiempirical method, which was previously parametrized
for this kind of system. The results of high level and dual level calculations were quite consistent. Also, the
SCT approximation was found to describe tunneling more accurately than did the LCT treatment, partly as
a result of the low transfer barrier involved. The analysis of contributions to kinetic isotopic effect revealed
that, although tunneling contributes significantly, vibration is the single most influential factor in this respect.

1. Introduction

Proton-transfer reactions are of high interest on account of
their occurrence in a variety of chemical and biological
processe$* These reactions, which involve the transfer of a
light particle, are usually subject to nonclassical effects such
as tunneling. As aresult, their study requires a deep knowledge
of the potential energy surface (PES) for the process concerned.
The use of analytical PES for examining reactions is usually
cumbersome and computationally expensive and entails the prior
knowledge of the more significant aspects of the process
dynamics. Methods based exclusively on electronic structure Figure 1. Atom numbering in hydrogenoxalate anion.
calculations (energies, gradients, and Hessians) are of enormous . N . . )
assistance in this context as they allow the examination of @id of a semiempirical method including SRP. This method-
dynamic aspects of a reaction with none of the constraints of 0logical approach at various computational levels is known as
an analytical PES. This recent methodological approach is the “dual level” approximation. It is computationally more
usually referred to adirect dynamic§~1° In this work, direct ~ affordable and it allows more extensive exploration of the
dynamics calculations based on the variational theory of the Potential energy surface. This is quite important with a view

transition state (VTST) that included semiclassical corrections 0 @ssessing tunneling, which was one of the primary purposes
for tunneling!12were performed. One major usual constraint Of this work. The dynamic results obtained were compared with

of direct dynamics calculations is the high computational cost those reported by other authéts?>the little consistency among
of electronic structure calculations, which can be minimized them, especially in terms of barrier height, suggests that this
by using appropriate semiempirical methods. However, most Parameter has a marked effect on dynamjparticularly on
such methods require adaptation of their parameters to thetunneling. One other purpose of this work was to analyze the
reaction concerned. Truhlar et al. have successfully used varioug™0re_significant contributions to kinetic isotopic effect
semiempirical methods based on specific reaction parameterd KIE)**—specifically, to the rate constant ratia/ko.
(SRP)13-18they introduce corrections interpolated with ab initio
calculations (VTST-IC¥~20 at stationary points. In this work,
we used the same methodology to investigate intramolecular (a) Electronic Structure Calculations. To the authors’
proton transfer in hydrogenoxalate anion (Figure 1) with the knowledge, the only static studies reported so far are those by
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2. Computational Details
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Bosch et af122 at the HF/3-2%G level and by Truong and
McCammo#® at the HF/6-3%++G** and MP2/6-31-+G**
levels.

In this work, we improved the computational level by
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tion of the MORATE version 6.5 software packégme perform
the semiempirical calculations required by the MNDO/H2
method.

(b) Dynamic Calculations. Intramolecular proton transfer

performing a static study of hydrogenoxalate anion at the QCISD in hydrogenoxalate anion and its deuterated species was studied

level, using the 6-31+G** basis with full geometric optimiza-

in the context of the variational theory of the transition state

tion. The path of both the hydrogen and the deuterium transfer (VTST),!! using semiclassical tunneling (ST) correctidas.

reaction was monitored at the MP2/6-8+G** level, using
the algorithm of GonZaz-Schlegéel with a stepsize of 0.01
bohr amd2 and Hessian calculations at 0.1 bohr &fhuThe

In this study, the dual level scheme involved semiempirical
MNDO/H2 calculations for all the nonstationary points and high
level calculations for the stationary points. Concretely, the

algorithm yields the correct tangent vector and curvature vectors barrier height was corrected at the QCISD/6+31G** level

in the limit of small step size. The frequency of the Hessian using two cutoff Gaussian functions, one for the reactant side
calculations was enough, because we obtained the same ratand one for the product side of the MEP. Each cutoff Gaussian
constants using larger steps. The barrier height was correctedwyas solely determined by the corrections at the three stationary

for the previously obtained QCISD/6-31-G** value. We
chose a reduced maswhich converted mass-weighted Carte-
sian coordinates into mass-scaled coordinatess 1 amu in

points (reactant, transition state, and product). The frequencies
were also corrected following the scheme of ref 20, in this case
at the MP2/6-3++G** level. Several approaches were used

order to have both coordinate systems lead to the same resultsto take tunneling into account: zero curvature tunneling (Z&T),

This ab initio study, henceforward referred to as tigh level

(HL) approximation, is used as reference throughout the paper.

Electronic structure calculations were performed by using the
Gaussian 94 software packatfe.

Semiempirical calculations of barrier height and frequencies
were corrected with the QCISD value and MP2 values,
respectively. This approximation is widely known as thel
level (DL) approximation. It usually involved highly sophis-
ticated ab initio calculations at stationary points and semiem-
pirical calculations at other points on the potential energy

centrifugal-dominant small-curvature semiclassical adiabatic
ground-state (CD-SCSAGH,version 3 of the large curvature
ground-state (LCG 3}%36 and microcanonical optimized mul-
tidimensional tunneling £/OMT).1* In this last-at each
energy—-the transmission probability is taken as the maximum
of two trial calculations, namely, the small curvature ap-
proximation (denoted by SCT and based on CD-SCSAG) and
the large curvature method (denoted by LCT and based on
LCG3). The ZCT approximation, the simplest scheme, assumes
a negligible curvature along the reaction path and therefore the

surface. Unfortunately, standard semiempirical methods cannotparticle follows the MEP. In the SCT approximation the
be used as such in a dynamic study and require specific reaction path curvature is taken into account by calculation of

parametrization for adaptation to the reaction concerned.

a reduced mass that is used in computing the tunneling

Standard semiempirical methods based on the neglect ofprobability. As a consequence, the tunneling path is displaced

diatomic differential overlap (NDDO) (e.g., MND&,AM1,30

from the MEP to a concave-side vibrational turning point in

and PM3?) overestimate barrier heights and are thus inadvisable the direction of the internal centrifugal force. Finally, the LCT

for this purpose. Truhlar et al. used these semiempirical
methods with specific reaction parameters (NDBE&ERP}3-18.20

to fit their results to those of a higher computational level. On
the basis of this approach, in this work we used a modified
version of the MNDO method previously developed by our
group. Our version is specially parametrized for systems
involving O—H---O bonding and is designated MNDO/H2. The
underlying approximation is similar to that of the MNDGAH
and MNDO/M¥ methods; unlike these, however, it focuses more
directly on the intramolecular hydrogen bond. It differs from
the standard MNDO method in two main respects: (i) It replaces
the empirical functiorf(Ron) of core—core repulsion,

f(Ron) = Ron eXp(=0oRop) + explyRop) 1)
whereRoy is the O-H bond distance ando andoy are two
atomic parameters, by the function

f(Row) = Aexpl-a(Roy — 7)7] 2)
with the following optimized parameter valu&sA = 0.2770,

o = 2.1655, andy = 0.3597. (ii) It assumes a zero value for
thef(Ro-0), O—O being the oxygen atom pair involved in the

approximation involves a straight-line trajectory between the
atoms binding the proton before and after the transfer. This
last approximation was mainly developed for reactions that
involve light atoms, because in such a case the transferred
particle follows a path which is far from the MEP. The LCT
method needs energy calculations along the straight path, which
were evaluated with the MNDO/H2 method and corrected with
a quadratic function that includes HL calculatidfis.

In high level calculations, tunneling was only evaluated by
using the ZCT and SCT approximations as provided by the
programpoLYRATE version 6.5

The kinetic isotopic effect was evaluated as the ratio of the
rate constant for hydrogek) to that for deuteriumi), using
the contributions of tunneling, translation, rotation, vibration,
and variational effect&38 The contribution of translation was
unity since the reaction was unimolecular.

3. Results and Discussion

(a) Minima and Transition States. Tables 1 and 2 show
the geometries and barrier heights, respectively, obtained at
various ab initio levels and with the MNDO/H2 method.

The difference between the barrier heights obtained with fully
optimized MP2 and fully optimized QCISD is substantial.

hydrogen bond. Inasmuch as this semiempirical approximation However, that difference is only 0.07 kcal/mol when we

has been parametrized for systems involving intramolecular compare the single point QCISD calculations (over the MP2
hydrogen bonding, we can consider it a semiempirical method geometry) against the complete QCISD calculations. That is a
with system specific parameters and designate it NDDOBSP. consequence of the similarity between both geometries, which
Based on the nomenclature criteria of ref 6a, the DL approxima- suggests that the electron correlation used at the MP2 level was
tion used in this work can be designated QCISD/&-315**/ inadequate and testifies to its significant role in this kind of
IMP2/6-3H+G**//MNDO/H2. We used a suitable modifica-  reaction. Itis also confirmed by isolated MP4SDQ/6+31G**
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TABLE 1: Main Geometric Parameters for the Minimum and Transition State of Hydrogenoxalate Anion?

level (basis)
HF MP2 QCISD
MNDO/H2 3-2H4-GP 6-31++G** © 6-31++G** © 6-31++G**
Minimum
CiC; 1.56 1.57 1.577 1.575 1.5823
C,03 1.27 1.27 1.243 1.283 1.2768
C,04 1.36 1.36 1.329 1.358 1.3579
O4Hs 0.99 0.98 0.958 1.001 0.9900
O304 2.42 2.51 2.515 2.497 2.5158
C.Ci03 109.6 110.9 111.3 110.9 111.05
C1C04 108.3 110.7 111.3 109.8 110.41
C,04Hs 108.0 107.7 104.2 98.9 100.55
Transition State
CiC, 1.55 1.58 1.573 1.574 1.5811
C04 1.31 1.32 1.283 1.317 1.3141
O4Hs 1.26 1.23 1.201 1.224 1.2198
0304 2.25 2.30 2.276 2.328 2.3212
C1C,04 105.4 105.8 105.9 106.8 106.68
C,04Hs 101.3 95.6 92.7 91.1 91.56
Aro-o? 0.17 0.21 0.239 0.169 0.1946
2Bond distances in angstroms and angles in degfeesference 21¢ Reference 257 Distance @—0s.
TABLE 2: Classical (AV*) and Vibrationally Adiabatic TABLE 3: Vibrational Frequencies (in cm~1) and
Ground-State Barrier (AV,%7) in kcal/mol, for Proton Zero-Point Energy (ZPE in kcal/mol) Calculated by Using
Transfer in Hydrogenoxalate Anion the MP2/6-31++G** Method and the MNDO/H2
level/basis AV AV.C- Semiempirical Methocﬁ‘/6 — —
MP2/6-31G** MNDO/H
MNDO/H2 3.90 2.74(H)
3.20(D) frequency minimum TS minimum TS
HF/3-21+ G 8.34 65'8824(%) o1 3245  2075@l) 2681 2307
) ) ' w2 18026) 179162) 2170 2131
HF/6-31:++G* 9.26 ffg(%) ws 1735@)  1745@1) 2106 2107
_ b ' w4 1432@) 1325@1) 1621 1672
MP2/6-31+G* 3.12 1("5*35((5')2 ws 1328&)  129902) 1558 1614
MP4(SDQ)//MP2/6-3%+G** 4.68 @o 1138¢) 863al) 1359 o9
o w7 934@") 126601) 814 967
QCISD/IMP2/6-3%+G 4.78 8274) 74662) 925 249
CISD/6-31+G** 4.85 2.55(Hy @s .
Q 328(D wg 786@") 785@2) 736 825
-28(Dy ®10 690@) 714@1) 667 707
aReference 21° Reference 25¢ Values obtained by correcting the w11 566@) 604(2) 593 595
zero-point energy with MP2/6-31+G** frequencies. w12 j‘rlgga”)) ggggﬂ jgi ggi
w13 @
. . L I w14 296() 1074(a2) 252 1007i
calcu!atlons, which exhibited a similar trend.(see Table 2). w16 92@") 133@2) 100 144
Relative to the HF results, 0z and OH bond distances were 2PE 9955 20.24 23.53 0937

longer and the €D4Hs bond angle smaller, both at the minimum
and in the transition state, when electron correlation was 2Symmetry labels are given in parentheses. All the frequencies are
included. All these angles and bond lengths are closely relategcorrelated with those obtained at the MP2 equilibrium configuration.

to the proton transfer, so they are especially significant to and . .
strongly influential on barrier heigh@®4! One other influential  €SPectivelyws andws correspond to @3 and GO, stretching

geometric parameter in this context is the difference in the Vibrations, respectivelyy corresponds to out-of-plane bending
distance of the oxygen atoms that take part in the transfer fOF hydrogen;ws and s correspond to carbon waggings
between the minimum and the transition statedq_o in Table and wg correspond to OCO bendingpio, w11, and wis

1); as a rule, the barrier height increases with increasing.o correspond to combinations of various in-plane movements of
as was indeed our cade. In that context the MNDO/H2  the heavier atomsyi4 correspond to the reaction coordinate,

semiempirical method provided acceptable geometries. This@Ndwis corresponds to twisting about the-C bond. Despite

method was parametrized in such a way as to reproduce thel® substantial changes in frequencies ws, andaws, it was

height of the intramolecular proton transfer barrier, so one could the OH stretching frequency that underwent the greatest

reasonably expect it to provide acceptable distances and angle¥ariation along the reaction path (more than 1000 thetween

for the hydrogen bond. Although the,QsHs angles thus  the reactant and the transition state). HF calculations grossly

obtained were much wider than those provided by MP2 and OVerestimate bothw, at the minimum and the imaginary

HF, OH bond distances anfio_o values were similar to their frgquency r_elatl_ve to MP2 calculqnons (see Table 4). _Usually,

MP2 counterparts; this is reflected in a barrier height of only this results in higher energy barriers and longer reaction paths

3.90 kcal/mol, which is between the MP2 and QCISD values. om HF calculations. Differences in the frequencies affect the
(b) Frequencies and Zero-Point Energies. Table 3 gives zero-point energy gnd hence the vibrationally adiabatic ground-

the frequencies for stationary points at the MP2/6-315** state potential, defined as

level. Frequencyw; corresponds to OH bond stretching; G G

and w3 correspond to € and GO; stretching vibrations, Vo () = Viyep(S) + €y (9) (3
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TABLE 4: OH Streching Frequency (o; in cm~1), Reaction 5 e
Coordinate Frequency g4 in cm~1), and Zero-Point Energy E HL
(ZPE in kcal/mol) at Minimum and Transition State, — — -MP2
Obtained at Different Computational Levels 4 _L | LL
w1 w14 ZPE = L; ’/‘ '.‘ 4
5 , . ]
level/basis minimum TS minimum TS minimum TS E 3 P e \". -
HF/3-214+-G? 3642 2271 320 1511i 23.89 21.39 E L / \"‘. ]
HF/6-31++G** > 3913 2287 368 16491 25.35 22.59 V& 2 [ I .
MP2/6-3H-+G** 3245 2075 296 1072i 22,55 20.24 >2 C ,.'/ \". ]
2 Reference 21° Reference 25. 1 L 7 \' ]
n y N B
1.25 110 i ,"/ \ ]
L /.7 \~__» ]
d () S N T I B B B ua
120\, ™" 16 08 0 08 16
CcCo
— 109 s (bohr)
1.15 = Figure 3. Variation of the MEP potential along the reaction coordinate
og § at different computational levels. HL, MP2, and LL denote high level,
o 20 MP2/6-3H+G**, and low level (MNDO/H2) calculations, respec-
£ 1.10 - 108 = tively
3 2 '
=< on
=) =
1.05 - < 3500:mm.p‘.‘u.lr.;[u.“...H:
107 3000 E
1.00 — r ]
< 25001 3
5 : 1
095 "IW‘Y"IIIIII"HI]|II|I]III{|II]‘I—I 106 52000:_ (l)] ‘:
-1.5-1.0 -05 00 05 1.0 1.5 5 —
s (bohr) S 1500 0, =
Figure 2. Variation of the G-H distancedon, and GC,0, angle,occo, sf; F _ ]
along the MEP. * 1000 : E
e 1
as well asAV,%~, defined as 500 F—r— —
FF=m=en=r Ewwy AU WENYE rwwn mwunmmd b
AV, =V Cs=0)- VCs=< 4 o H
a a ( )~ Val ) “) -1.6 08 0 0.8 1.6
s (bohr)

whereein®(s) denotes the contribution of the zero point energy
of the transverse modes to the reaction pathﬁnue location Figure 4, ) Generali.zed freqUenCieS at the MP2/6+31G** level along
of the reactants. The difference in zero-point energies can behe reaction coordinate.
significant for reactions with low barrier heightg3%-43443|so, o ] ] ]
it can alter the transmission factors for different isotopes and 'NiS is the coordinate that, involving heavy atoms, suffers a
hence the contribution of tunneling to kinetic isotopic effect. More substantial change along the reaction path. As regards
Specifically, we found a zero point energy difference of 0.19 the OH bond distance, it remains virtually unchanged in the
kcal/mol between HF/3-24G and MP2 calculations and of 0.45  'ange froms = s¥ to s = —0.5 bohr. Therefore, the transfer
kcal/mol between HF/6-32+G** and MP2 calculations (Table _takes place at a reaction path length of about 1.0 bohr, which
4). is merely one-thlrd. of the overall MEP length. Qonsgquently,
The MNDO/H2 semiempirical method provides acceptable because changes in the OH bond distance entail a h|gh energy
frequencies; however, it gives too low of a OH stretching cost ar_1d ta_ke place over a narrow range, the MEP will be quite
frequency. The differences in that frequency and the other Sharp in this zone.
transverse modes to the reaction path can be corrected by The MEP length provided by the semiempirical method was
interpolation with MP2 frequencies at stationary points, as Virtually coincident with the MP2 length (Figure 3), so no
shown in the following section. The imaginary frequency  correction in this respect was required. In any case, we
reaction coordinateis similar to that of MP2 and so should corrected the barrier height to obtain the QCISD value.
the barrier width along the MEP be as a result. The generalized frequencies along the reaction coordinate
(c) Reaction Path. The reaction path for the proton transfer (Figure 4) at MP2 level remained virtually unchanged up to
was taken to be the minimum energy path (MEP) obtained from about halfway on the reaction path from the minimum of the
MP2/6-3H-+G** calculations. Its length was found to be 3.02 transition state = —0.75 bohr). Beyond that point, the
bohr for the transfer of hydrogen and 3.36 bohr for that of frequencies more closely related to the transfer varied signifi-

deuterium (where the values just quoted equsl|2due to the
symmetry of the molecule).

Usually, this type of reaction initially involves molecular
rearrangementessentially about the heavy atorrend, nearer
the transition state, proton transféf This circumstance also
holds in our case. So, as shown in Figure 2240, has already

cantly because this is the zone where vibrational modes are most
closely coupled to the reaction path. Figure 5 shows the
curvature of the reaction path(s). The most closely coupled
modes are OH stretchwf), C:03—C,0;, stretching (4, of a;
symmetry in the transition state) and O€0OCO bending @s,

of a; symmetry in the transition state). The dynamic coupling

changed by more than 80% at the halfway point on the reaction constant® (By ), between these three modés< 1, 4, 6) and

path from the minima to the transition state=t —0.75 bohr).

the reaction coordinate account for over 90% of the curvature
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TABLE 5: Rate Constants (in s™1) for the Intramolecular Transfer of Hydrogen and Deuterium in Hydrogenoxalate Anion and
Ratios between the Constants (with and without Tunneling)

H D ki/ko

T, K TST TST/ZCT TST/SCT TST TST/ZCT TST/SCT TST TST/ZCT TST/SCT
200 4.86(%) 2.03(10) 5.88(10) 7.19(8) 2.04(9) 4.98(9) 6.76 9.94 11.76
250 2.02(10) 5.27(10) 1.11(11) 4.30(9) 8.21(9) 1.38(10) 4.70 6.39 7.85
300 5.30(10) 1.05(11) 1.82(11) 1.43(10) 2.23(10) 3.17(10) 3.71 4.71 5.75
400 1.79(11) 2.67(11) 3.71(11) 6.44(10) 8.24(10) 9.92(10) 2.78 3.22 3.73
500 3.76(11) 4.87(11) 6.07(11) 1.60(11) 1.87(11) 2.10(11) 2.35 2.61 2.89

apPowers on 10 are given in parenthegeBhe classical contribution of rotation to tig/kp ratio was 1.01 at every temperature.

30— calculations at stationary points and dealt with tunneling from
the 0-ZCT approximation since the barrier at the MP2 level
was quite low. They observed an “anomalous isotope effect”
as a result of the differential contribution of the individual
isotopes to the zero-point energy. This is very interesting and
signifies one more case when tunneling need not increase
KIE.25:39.46 However, we believe QCISD calculations provide

a more correct barrier height.

We evaluated the contribution of tunneling to HL rate
constants using the zero curvature (ZCT) and small curvature
methods (SCT) and obtained the transmission fatolisted
in Table 6. «iC" values were greater thafi"" values, both for
hydrogen and for deuterium. This can be ascribed to the

(LA L 7 S L L B

Lo Lo N b b by

-0.5 0 0.5

'
—_
—_

s (bohr) curvature of the reaction path, which decreases the effective
Figure 5. Variation of theByr, Bas, and Ber couplings along the ~ Mass (see ref 11) and hence the action integral, thereby
reaction coordinate. The total curvature of the reaction pe),is increasing the probability of tunneling and, consequently, the
also shown t). transmission factor. The presence of curvature is a necessary

condition for the proton to follow a path other than the MEP;
the OH stretching modew(), which is intimately coupled to

KH KD KknlKp the reaction path and involves proton motion only, will tend to
T(K) 0-zCT2 zCT SCT 0-ZCPR ZCT SCT 0-ZCP ZCT SCT favor more rectilinearand hence shortettrajectories since
200 119 418 1209 207 284 693 057 147 1.74 theseinvolve no motion of the heavy atoms. This mode, and
250 112 260 547 161 191 327 069 1.36 1.67 mMmodeswsandws, are symmetric in the transition state and tend
300 1.08 198 343 140 156 222 0.77 127 155 to favor the transfer and tunneling and increase the kinetic
400 1.04 149 207 121 128 154 086 116 1.34 jgotopic effect (KIE); on the other hand, antisymmetric modes
00 103 130 161 113 117 1.31 091 1a1 123 oo asw7 hinder the transfer and the tunneling and decrease

a Reference 25. the KIE 25394748

of the reaction pathi(s), so the other modes are scarcely  The dynamic calculations of Bosch et &7%2*based on a
coupled to the MEP. A maximum &i0.4 < s < —0.3 bohr is two-dimensional surface at the HF/3-2G level, suggest that

observed in the reactant zone (and at©.8 < 0.4 bohr in the the hydrogen transfer is likely to follow a path more rectilinear
product zone since the reaction path is symmetric). Becausethan the MEP. These results and the presence of modes
By, B4y, andBs ¢ are significant, vibrational excitation in these  intimately coupled to the reaction path may require the use of
modes will lead to a substantially increased rate constant.  large curvature calculations (LCT), which prompted us to
(d) High Level (HL) Dynamic Calculations. Table 5 gives employ dual level methodology for their evaluation.
the rate constants for the transfer of hydrogen and deuterium, (e) Dual Level (DL) Dynamic Calculations. We used the
as well as the corresponding ratios between the two HL MNDO/H2 modification as described in section 2 for dynamic
constants. The rate constants were calculated in the light of calculations. We chose to correct the barrier height rather than
the canonical variational theory (CVT) of the transition state. alter the semiempirical method proper in order to ensure that
However, no variational effects were encountered over the the breadth of the reaction path would remain constéms
temperature range studied, so the results shown are thosevas advisable because such a breadth was similar to the MP2
obtained on the basis of the conventional transition state theoryvalue. These results are consistent with the imaginary frequen-
(TST). cies obtained in both cases as they are very similar. The
Regarding KIE contributions, that of vibration was the most orthonormal frequencies to the MEP were accurately interpo-
important contribution (Table 5) but was smaller than predicted lated; for example, the OH stretching mode;), which was
by Truong and McCammof?, for example, our KIE value at  that undergoing the most marked changes along the reaction
200 K was 1.5 times smaller, probably because these authorspath and was subject to a substantial error relative to MP2
used HF/6-3++G** frequencies. However, our greatest calculations, provided an acceptable result (Figure 6). The MEP
difference from their calculations is in the relative significance calculated at the HL and DL levels was superimposed, so it is
of tunneling with the different isotopes involved (Table 6). The not shown. The&/,8(s) values provided by the two methodolo-
tunneling effect in our calculations is larger for both isotopes gies depart in the zone of maximum curvature as a result of
and the tunneling increases the KIE, while in their calculations more abrupt changes in the frequencies of the ab initio surface
tunneling decreases the KIE. These authors used the MP2/6+elative to the semiempirical frequencies in that zone; conse-
31++G** barrier height with HF/6-3%++G** frequency quently, interpolation at that point was not fully efficient (Figure

TABLE 6: Transmission Factors at HL for Both Isotopes
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TABLE 7: Transmission Factors at DL for Both Isotopes
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Figure 6. Variation of the OH stretching frequencyy;, along the

MEP, at both high level (HL) and dual level (DL). Circles and squares
represent the points where the Hessian is available.
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Figure 7. Variation of the vibrationally adiabatic ground-state potential,
V.¢, along the MEP for proton transfer in hydrogenoxalate anion. The
solid line represents HL calculations and the broken line DL calcula-
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Figure 8. Variation of the vibrationally adiabatic ground-state potential,
V:C, along the MEP for the deuterium transfer in hydrogenoxalate anion.
The solid line represents HL calculations and the broken line DL
calculations.

200 5.20 1225 6.47 3.64 6.75 390 143 181 1.66
250 288 519 326 221 319 228 130 163 1.43
300 2.09 318 225 172 218 174 122 146 1.29
400 151 193 157 135 152 135 112 127 1.16
500 130 152 133 121 130 121 1.07 1.17 1.10

a2 The «*OMT value was always the same as ##T value.
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Figure 9. Thermally averaged transmission probability at 300 K in
the proton transfer of hydrogenoxalate anion. Probability calculated
with ZCT (--+), SCT (---), and LCT ¢).

mission factors (Table 6) were smaller théﬁﬁT factors (Table

7), both for hydrogen and for deuterium; at low temperatures,
differences were significant but never exceeded 11% and 16%
for hydrogen and deuterium, respectively, not evem &t 250

K. The SCT transmission factors were more consistent and
virtually identical throughout the temperature range studied.
Because the differences betwegn andxp. values were not
too large, we believe they must bat least
qualitatively—preserved in large curvature transmission factors.
The LCT transmission factors are smaller than SCT factors,
which suggests that small curvature calculations on this reaction
are adequate (Table 7) and confirms the results discussed in
section 3d. The>M" transmission factor¥, an alternative to

the least-action method (LAGY, are identical with kg-"
factors.

Therefore, both the proton and deuterium follow a path close
to that of minimum energy rather than a more rectilinear
trajectory in this transfer reaction. The divergence between our
results and those of Bosch et al. may be the result of the
difference between the HF and QCISD barrier heights (8.34
and 4.85 kcal/mol, respectively).

(f) Representative Tunneling Energy and Tunneling Path.
The term “representative tunneling energ¥.f) is used to
designate the energy at which the product of the Boltzmann
factor by the tunneling probability is maxinl. Figure 9 shows
the dual level representative tunneling energy for hydrogen at

7). This was not the case with deuterium transfer because the300 K as calculated by using the three approximations (ZCT,
curvature was smaller and so were thus frequency changesSCT, and LCT). When available, HL values are given in

(Figure 8).
Because DL calculations involved HL corrections at stationary

brackets below. ThEepvalue is reached at= —0.31 (—0.33)
bohr with SCT,s = —0.19 (~0.21) bohr with ZCT, and =

points and no variational effects were observed over the —0.19 bohr with LCT (Table 8). The area enclosed by the small
temperature range studied, the differences between HL and DLcurvature method in Figure 9 is much greater than those

calculations must be exclusively due to tunneling! " trans-

provided by the other two methods; this accounts for its
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TABLE 8: Representative Tunneling Energy? and 300 K, respectively. This confirms the previously assumed
Erep s small curvature.

T, K ZCT SCT LCT Szet SscT Scr
250 2444 2360 2440 —0.25 —0.45 —0.26 _ _ _ )
300 2470 2417 2469 —-0.19 -031 —0.19 The barrier height for the intramolecular proton transfer in
400 2499 2470 2498 -0.09 —0.19 -0.09 hydrogen oxalate ion obtained at the QCISD/6+31G** level

@ Eep in kcal/mol. Reaction coordinate in the pretunneling config- with full Qeom,e‘t”c optlmlzatlon was 4.85 kcal/mol and hence
uration & in bohr). Calculations were performed at the dual level. ~ Substantially higher than its MP2 counterpart. The transfer along
the MEP initially involves a rearrangement of the molecular
geometry-largely about the heavy atom$o favor the process.
Subsequently, the proton is transferred over a fairly short MEP
interval.

High level dynamic calculations for both hydrogen and
deuterium suggest that the greatest contribution to isotopic effect
is that of vibration. On the other hand, tunneling was adequately
described by the SCT approximation, even though it revealed
that some modes were intimately coupled to the path. At low
temperatures, the transfer follows in an important portion the
tunneling path. It was also observed that the tunneling path is
not very curved regarding the MEP. A comparison of the
QCISD and HF barriers reveals that the latter approximation
provides overestimated barriers with a seemingly strong influ-
ence on the tunneling trajectory. MP2 barriers exhibit the
opposite effect, i.e., they underestimate barriers and tunneling.
Based on the results obtained in proton transfer reactions, we
believe barrier height is one of the most influential parameters
on the dynamics, even though others such as frequencies and
the zero-point energy are also significantly influential. While
one cannot rule out the use of ab initio methods without electron
correlation or of MP2 methods to determine barrier heights, the
Figure 10. Pretunneling geometries obtained from SCT transmission results they provide should be taken reservedly.
factors at 300 K: (a) HL; (b) MNDO/H2. Finally, we have demonstrated the effectiveness of specially
. o parametrized semiempirical methods based on the dual level
increased transmission factor and hence for the greater prob-;phroximation andlirect dynamicscalculations based solely
ability of its path. The most probable tunneling configuration on glectronic structure using no analytical potential energy
occurs at lower energies in SCT calculatietspecifically, at  gyrface. Despite its constraints, the MNDO/H2 modification
0.92 (0.98), 0.39 (0.56), and 0.40 kcal/mol below the barrier can pe a useful tool in this context, particularly with bulky
with SCT, ZCT, and LCT, respectively (Figure 9). The systems, which are unaffordable to pure ab initio calculations.
pretunneling ¢) geometries as = —0.31 (—0.33) bohr and
the posttunnelingy) geometries as = 0.31 bohr are those Acknowledgment. M.A.R., J. R.-O., and A. F.-R. thank
where V.8(s) and V.8(s;) equal the representative tunneling Professor Truhlar for advice in obtaining the programisyRATE
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